chemistry analyzer (Beckman Coulter Diagnostics, Fullerton, CA). HDL-C and LDL-C were determined using the homogenous assays Direct HDL-C and Direct LDL-C (Equal Diagnostics, Exton, PA). TGs were measured with a glycerol blank as a two-step reaction ( 28 ) . Only one of the CLHNS mothers and one of the young adult offspring were taking lipid-altering medication.
Genotyping and imputation
SNP genotyping of the CLHNS mothers was performed with the Affymetrix Genomewide Human SNP Array 5.0 at the Vanderbilt Microarray Shared Resource at Vanderbilt University Medical Center, Nashville, TN, using the standard protocol recommended by the manufacturer. The quality control procedures have been previously described ( 29 ) . As the imputation using the 1000 Genomes CEU+CHB+JPT reference panel (error rate 3.6% and MACH r 2 0.86) led to a better imputation quality compared with that using the CHB+JPT panel (error rate 3.3% and MACH r 2 0.81), we applied MACH to impute genotypes based on phased reference haplotypes from the 1000 Genomes Project CEU+CHB+JPT samples (June 2010 release). After exclusion of SNPs with poor imputation quality (MACH r 2 < 0.3), ‫ف‬ 3.7 million imputed SNPs were tested for association with TC, HDL-C, LDL-C, and TGs. The candidate SNP APOE rs7412 was not available in the genome-wide data and was genotyped using TaqMan allelic discrimination (Applied Biosystems, Foster City, CA).
The 1,719 CLHNS offspring were genotyped by the University of North Carolina Mammalian Genotyping using the Metabochip (Illumina, San Diego, CA), a custom high-density genotyping array of SNPs designed to provide a high-density coverage for both overall SNPs and low frequency variants concentrated around GWA loci and/or signals for cardiovascular and metabolic traits ( 30 ) . The genotyping and quality control of Metabochip SNPs in the CLHNS offspring were described previously ( 31 ) .
In the CLHNS mothers, ‫ف‬ 350,000 markers were directly genotyped, and imputation was performed for all markers based on the 1000 Genomes Project; we used the imputed genotypes for all markers ( 29 ) . In the offspring, all variants for analyses were directly genotyped by Metabochip.
Statistical analysis
Values of TC and TGs were natural log-transformed (ln) to approximate the normal distributions of the traits. We applied multiple linear regression models and assumed an additive mode of inheritance to test for the association between genotypes and HDL-C, LDL-C, ln TC, and ln TGs.
We constructed 10 principal components (PCs) of population substructure using EIGENSOFT ( 32 ) . In the CLHNS mothers, we applied MACH2QTL to perform the GWA analyses , adjusting for age, age 2 , household assets (a score that counts the possession of land and house and household amenities, such as a TV or refrigerator) ( 33 ) , natural ln household income, and the fi rst seven PCs. To control for the effects of other potential factors that could confound the SNP-lipid associations, we also conducted additional analyses with additional covariates, including menopausal status, current smoking, and type 2 diabetes, in the CLHNS mothers. In the CLHNS offspring, we used SAS version 9.2 (SAS Institute, Cary, NC) to test the association between lipid traits and selected SNPs that were reported in previous GWA studies. As the ages of all offspring were within two years of each other, only sex, household assets, ln household income, and the fi rst seven PCs were included as covariates. To examine the association in the combined cohort of mothers and offspring, we applied a general linear mixed model that accounted for the correlation of the outcome trait between mother-child pairs due to shared genetic and environmental Gene-by-environment interactions may also account for some heritability ( 15 ) because the interactive effects of environmental modifi ers may hinder the detection of genetic associations ( 16 ) . Earlier studies have demonstrated that diet, alcohol, smoking, and physical activity can modulate genetic effects on lipid levels ( 12, (17) (18) (19) . In addition, evidence exists that anthropometric traits, including body mass index (BMI), waist-hip ratio, and body composition, modify the association between genetic variants and lipid traits ( 20 ) .
In recent decades, the rising prevalence of CVD shows a positive link with the increasing prevalence of central obesity ( 21, 22 ) . Waist circumference is believed to be a stronger predictor of CVD than BMI, particularly in Asians, who tend to have a higher risk of CVD at any given level of BMI compared with Europeans ( 23 ). Intra-abdominal visceral fat accumulation has been shown to affect the lipid levels either directly or via insulin resistance ( 24, 25 ) . Despite considerable evidence that genetic variants and obesity traits independently and jointly infl uence lipid levels, few studies have explicitly examined the modifying effect of waist circumference on lipid associations identifi ed by GWA studies.
To test the hypothesis that central obesity would infl uence the association between genetic variation and lipid levels, we performed a GWA study to investigate single nucleotide polymorphism (SNP) associations with lipoprotein cholesterol and TG levels in 1,782 Filipino mothers from the Cebu Longitudinal Health and Nutrition Survey (CLHNS) and tested for interactions between lipid-associated variants and waist circumference affecting lipid levels. We also conducted analyses in 1,719 young adult offspring of the CLHNS mothers using Metabochip genotypes to confi rm SNP associations and interactions with waist circumference.
METHODS AND PROCEDURES

Study subjects and phenotypes
The CLHNS is an ongoing population-based birth cohort study that began in 1983. The original study population, study design, and recruitment protocols have been described in detail previously ( 26 ) . Briefl y, the baseline survey randomly recruited 3,327 pregnant women from the Metropolitan Cebu area of the Philippines in 1983-1984 (3,080 singleton live births), and since followed them and their offspring to the present. Trained fi eld staff conducted in-home interviews and collected anthropometric measurements at each visit. Overnight fasting plasma samples for DNA extraction and biomarker measurements were obtained in 2005. Written informed consent was obtained from all participants, and study protocols were approved by the University of North Carolina Institute Review Board for the Protection of Human Subjects.
The current study used cross-sectional data from the 2005 survey available for 1,782 mothers and 1,719 male and female young adult offspring. Three measurements of waist circumference were taken to the nearest 0.1 cm, placing a plastic tape about two inches above the navel, after normal exhalation ( 27 ) . The three measurements of waist circumference were taken at the same time and their average was used for analyses. TC was measured using enzymatic methods on the Beckman Diagnostics CX5 We next assessed whether additional SNP-lipid associations identifi ed in previous GWA studies could be extended to Filipino middle-aged and young adults, groups that have not been widely studied. As all the loci were previously reported, we defi ned the evidence of association as P < 0.1 for the reported GWA index SNPs or their proxies in both mothers and offspring with a consistent direction of effect. Among the 95 previously reported lipid loci ( 8 ), 14 reached this threshold in the CLHNS. In addition to the four loci ( APOE , APOA5 , GCKR , and CETP ) described in Table 2 , the additional loci included three for TGs ( LPL , MLXIPL , and ANGPTL3 ), three for HDL-C ( LIPC , MMAB-MVK , and LIPG ), two for LDL-C ( ABO and APOB ), and two for TC ( TIMD4 and DNAH11 ) ( Table 3 ). Analyses including both mothers and offspring showed that the variant rs588136 at LIPC also exhibited genome-wide signifi cant association with HDL-C levels in the combined samples ( P = 1.5 × 10
). Given prior evidence that up to 10 lipid-associated loci exhibited two or more signals ( 7, 8, 14 ) , and in particular, that at least four lipid loci have been reported to contain multiple signals in East Asians ( APOA5 for TG, CETP for HDL-C, and APOE and ABO for LDL-C) ( 14 ), we next tested for the association with these additional variants in the CLHNS samples. We conditioned on the SNP genotype of the initial signal and defi ned a secondary signal as the most strongly associated SNP with a P conditional < 5 × 10
in combined mothers and offspring. After accounting for the effects of the most strongly associated SNPs at each of the fi ve loci that reached GWA signifi cance in the combined mothers and offspring, we confi rmed the presence of secondary signals at four loci including the TG locus APOA5 , the HDL-C loci CETP and LIPC , and the LDL-C locus APOE ( Table 4 ). Except at the LDL-C locus APOE , the evidence of association of the second signals was attenuated when we conditioned on the fi rst signals at the corresponding loci [| ⌬ ( Ϫ log 10 P )| > 2], suggesting that these additional signals at APOA5 , CETP , and LIPC were not completely independent of the fi rst signals ( Table 4 ) . In further analyses adjusting for the additional covariates of menopausal status, current smoking, and type 2 diabetes status (supplementary Table II ), we observed similar results for the SNPs described above [all | ⌬ ( Ϫ log 10 P )| < 1, supplementary Table III]. exposures. Age, age 2 , sex, household assets, ln household income, the fi rst seven PCs, and generation (mother/offspring) were used as covariates.
For each SNP that showed evidence of a main effect association with a lipid trait in the CLHNS ( P < 0.1 in both mothers and offspring analyzed separately), we further tested for a genotype interaction with waist circumference by including a SNP-by-waist circumference interaction term in the linear regression model or in the linear mixed model. The same sets of covariates used in the main effect analyses were included in the interaction analyses. For each SNP that showed signifi cant evidence of interaction ( P interaction < 0.05 in both mother and offspring cohorts), we conducted a stratifi ed analysis by categorizing the study samples based on quartiles of waist circumference and testing for the main effects of the SNP on lipids within quartiles. All interaction analyses were conducted in SAS version 9.2 (SAS Institute, Cary, NC).
RESULTS
The general characteristics of the 1,782 mothers and 1,719 young adult offspring from the CLHNS studied in these genetic analyses are shown in Table 1 . Association analyses revealed genome-wide signifi cant associations ( P < 5 × 10
) at APOE for both LDL-C (rs7412, P = 1.6 × 10
) and TC (rs7412, P = 1.8 × 10
), and at APOA5 for TGs (rs662799, P = 3.1 × 10
) in the CLHNS mothers ( Table 2 ). Suggestive evidence of association at a less stringent threshold of P < 10 Ϫ 6 was detected at the TG locus GCKR (rs780092, P = 1.6 × 10 Ϫ 7 ) and the HDL-C locus
. In addition, we observed that variants at TOM1 , a new HDL-C locus recently identifi ed in a large-scale meta-analysis in individuals of European ancestry ( 9 ), also exhibited suggestive evidence of association in the mothers (rs138777, P = 5.0 × 10
). We further evaluated these SNP associations in the CLHNS young adult offspring genotyped using the Metabochip ( Table 2 ) . We observed signifi cant associations ( P < 5 × 10 ). For the SNP rs138777 at TOM1 , we found marginal association with HDL-C in the offspring ( P = 0.058). In the combined analysis including both mothers and offspring, all of these loci, except TOM1 ( P = 4.0 × 10
), reached signifi cance at P < 5 × 10 Ϫ 8 ( Table 2 ) . 
Further analyses stratifi ed by quartiles of waist circumference supported the interaction between APOA5 variant rs3741297 and waist circumference affecting TG levels. In the mothers, the SNP had no effect on TGs in the lowest quartile of waist circumference <73. . The mothers had a higher median waist circumference than the offspring; we next stratifi ed the samples using a threshold of 74.0 cm, the median of waist circumference in the combined cohort. In the combined mothers and offspring, individuals carrying the T allele of rs3741297 had signifi cantly higher
As shown in supplementary Table IV , individuals with larger waist circumference have more atherogenic lipoprotein profi les. To investigate whether the associations in Tables 2-4 were affected by measures of waist circumference, a known predictor of CVD risk, we tested the SNP-lipid associations again while also adjusting for waist circumference in addition to the covariates included in the initial model. Results from analyses in the CLHNS mothers showed that the association evidence did not change substantially for most of the loci [| ⌬ ( Ϫ log 10 P )| < 2] (supplementary Table III ). However, adjusting for waist circumference appeared to infl uence the association of the APOA5 variant rs662799 with TGs (unadjusted P = 3.1 × 10
; adjusted P = 2.8 × 10
) (supplementary Table III) . We next assessed whether the lipid-associated SNPs exhibited evidence of interaction with waist circumference on lipid levels (supplementary Table V ). Among the 20 signals at 15 loci with main effect associations shown in Tables 2-4 , we observed SNP-by-waist circumference interactions ( P interaction < 0.05) affecting TGs for APOA5 variants rs3741297 ( P interaction = 9.6 × 10 Ϫ 3
) and rs662799 ( P interaction = 0.032), and affecting TC level for the APOE variant rs7412 ( P interaction = 0.034) in CLHNS mothers. Additional analyses in the offspring confi rmed the interaction for APOA5 rs3741297 ( P interaction = 7.4 × 10
). In a mixed model that combined the mothers and offspring together, the interaction remained signifi cant ( P interaction = 1.6 × 10 showed a stronger genetic effect in women ( ␤ = 0.098, P = 1.4 × 10
) than in men ( ␤ = 0.051, P = 5.5 × 10
).
DISCUSSION
In this study of genetic associations with lipoprotein and TG levels in Filipinos from the CLHNS, we observed the associations at 15 loci, which accounted for 3.1, 4.7, 6.8, and 6.2% of the phenotypic variation of TC, HDL-C, LDL-C, and TGs, respectively, in the mothers from the CLHNS. Consistent with previous fi ndings ( 7, 8 ) , in particular those from populations of East Asians ( 14 ) , our data also supported the existence of allelic heterogeneity at APOA 5, CETP , LIPC , and APOE ; the four secondary signals observed at these loci led to an average 23% increase in the amount of phenotypic variance compared with that explained by the most strongly associated variants alone. In addition, the fi ndings of these consistent SNP-lipid associations in a young adult population aged ‫ف‬ 20 years, who had healthier lipid levels compared with middle-aged or older individuals , suggests a shared genetic infl uence on lipid levels across adulthood despite differing durations of environmental exposures. While we did not confi rm the other previously reported loci, this might refl ect our modest power to detect the association, differences in linkage disequilibrium (LD) between analyzed variants and underlying functional variants, or population-specifi c loci. Furthermore, the modifying effects of environmental factors could have impeded the detection of some associations ( 16 ) .
A novel and important fi nding of this study is the evidence of a signifi cant interaction between an APOA5 (apolipoprotein A-V) variant and waist circumference affecting TG levels in both mother and offspring cohorts in the CLHNS. Waist circumference, a measure of abdominal adiposity, may predict CVD risk better than BMI ( 34 ) . Waist circumference is strongly associated with CVD and its risk factors including TGs ( 35 ) . The increasing difference in TG levels between rs3741297 CC and CT+TT carriers with increasing waist circumference ( Fig. 1 ) suggests that a larger waist circumference augments the genetic effect TG levels compared with the CC carriers only in the larger waist circumference group ( у 74.0 cm; ␤ = 0.41, 0.38, and 0.38 in mothers, offspring, and combined cohorts, respectively), but not in the smaller waist group (<74.0 cm; ␤ = Ϫ 0.01, 0.14, and 0.12 in mothers, offspring, and combined cohorts, respectively ) ( Fig. 2 ) .
As sex may infl uence the SNP association with lipid traits, we further tested the evidence of sex differences among the SNPs with main effect association. As shown in supplementary Table VI, all P values for SNP-by-sex interaction were >0.05, except for a variant rs7499892 at CETP , which exhibited suggestive evidence of sexual dimorphic association for HDL-C level in CLHNS offspring ( P interaction = 0.045, without Bonferroni correction); a sex-stratifi ed analysis Gly185Cys in other populations (minor allele frequency < 0.005 in Europeans and African Americans) compared with Asians (minor allele frequency ‫ف‬ 0.03) may explain why its association with TGs has only been detected in Asians to date ( 14 ) . As Gly185Cys was not present on the GWA genotyping array or the 1000 Genomes Project reference panel (June 2010 release), the variant was not directly genotyped or imputed in the CLHNS mothers; however, our results based on the Metabochip genotyped data in the offspring showed the same signifi cant main effect association on TG level and interaction with waist circumference as for the tested proxy variant rs3741297. In the CLHNS mothers, the ‫ف‬ 4% of individuals carrying the TGincreasing T allele of the proxy SNP rs3741297 (LD r 2 = 1.0 with 185Cys), had signifi cantly higher TG levels (geometric mean ± SE: 1.63 ± 0.09 mmol/l, approximately to the upper limit of 1.70 mmol/l for normal TG levels) compared with nonrisk allele carriers (1.28 ± 0.01 mmol/l).
The modifying effect of waist circumference on the APOA5 association with TGs is biologically plausible. The APOA5 185Cys variant's role in reducing LPL activation may be exacerbated by the effect of abdominal adiposity on LPL mass and activity. Intra-abdominal visceral fat accumulation has been shown to affect LPL mass and activity either directly or via insulin resistance, thereby impairing the hydrolysis of TGs ( 24, 25 ) . Similarly, earlier studies demonstrated an interaction of the LPL -Hin dIII genotype with abdominal obesity on TG levels ( 41, 42 ) and hypothesized that the presence of central obesity exacerbates the alterations in LPL activity caused by genetic variation, thus preventing the possible compensatory effects that may occur in nonobese individuals ( 42 ) . Our identifi cation of a SNP-by-waist circumference interaction suggests that future studies should analyze genetic associations in different strata of anthropometric, life style, and other environmental factors.
of the TG-elevating minor allele T. The range of the trait differed in the CLHNS mothers and offspring ( Table 1 ) , refl ecting the trend toward increasing waist circumference with age ( 36 ) . We observed that the associations were signifi cant in the three higher quartiles of waist circumference in mothers ( у 73.5 cm) and appeared stronger in the highest quartile in offspring ( у 74.1 cm). When we stratifi ed the individuals using a threshold of 74.0 cm, the median of waist circumference in the mothers and offspring combined cohort, the pattern of interaction was consistent across analyses in the mothers, the offspring, and the combined cohort. As the offspring were ‫ف‬ 20 years younger and had signifi cantly lower TG levels and smaller waist circumference compared with those in their mothers, the consistent pattern of interaction suggested that the modifying effect of waist circumference infl uencing the APOA5 -TG association was not affected by adult age. While the pattern of interaction was consistent in both cohorts, a combined sample size of ‫ف‬ 3,400 is still small, and further larger studies are needed to confi rm these fi ndings and evaluate the effect of duration of larger waist circumference.
Notably, the APOA5 rs3741297 is in complete LD ( D ′ = 1.0, r 2 = 1.0 based on CLHNS offspring genotype data) with a nonsynonymous variant rs2075291 (Gly185Cys), which has been shown to regulate the activation of lipoprotein lipase (LPL) ( 37 ) . Evidence from that study showed that the 185Cys substitution of APOA5 could cause reduced LPL-mediated hydrolysis leading to delayed TG clearance and elevated TG levels in the bloodstream ( 37 ) . The in vitro identifi cation of a tertiary structure change due to multimers of the 185Cys APOA5 protein further supports that residue 185 is critical in LPL activation ( 38 ) .
The association between Gly185Cys and TGs was initially identifi ed in a Chinese population ( 39 ) and subsequently replicated in Japanese ( 40 ) . The very low frequency of Fig. 2 . Differences of TG residual between rs3741297 CC and CT+TT carriers stratifi ed by a waist circumference of 74.0 cm, the median of waist circumference in mother and offspring combined cohort, in the CLHNS mothers, offspring, and combined cohort. The TG residual was generated by adjusting for age, age 2 , household assets, ln household income, and fi rst seven PCs in the CLHNS mothers; for sex, household assets, ln household income, and the fi rst seven PCs in the CLHNS offspring; and for age, age 2 , sex, household assets, ln household income, the fi rst seven PCs, and generation (mothers/offspring) in combined cohort. In addition to the two APOA5 variants that we described in this study, many other variants at APOA5 have been shown to exhibit signifi cant association with TG levels in diverse populations ( 4-8, 12, 14 ) . Among these reported SNPs, several variants including rs964184 ( 7, 8 ) , rs3741298 ( 14 ) , and rs651821 ( 12, 14 ) also showed genome-wide signifi cant association (all P < 1 × 10 Ϫ 11 ) in the CLHNS mothers; however, the signifi cant level of these associations were substantially attenuated by conditioning on the most strongly associated variant rs662799 (all P conditional > 0.45), suggesting that these variants and rs662799 would represent a same TG signal. Other variants, including rs12272004 ( 6 ), rs28927680 ( 5 ), rs12286037 ( 4 ), and rs3135506 ( 14 ) , which were common and signifi cantly associated with TGs in European or African ancestry populations, were found not to be variable in the 1000 Genomes Project ASN samples .
A previous study in the CLHNS reported that compared with women from the USA, the Filipino women had signifi cantly lower levels of HDL-C at all BMI levels and exhibited a higher prevalence of isolated HDL-C phenotype, which is defi ned as a combination of low HDL-C (<35 mg/dl) but normal TGs (<200 mg/dl) ( 2 ) . Although these fi ndings suggested potentially different effects of genetic variants across populations, we did not identify any additional loci/variants that were specifi c to Filipinos or had substantially larger genetic effects in this population compared with those in Europeans ( 8, 14 ) . Our study may not have suffi cient power to detect such association, but the unusually low HDL-C level in the Filipinos is possibly due to the different lifestyle and/or environmental exposures across populations.
In conclusion, our fi ndings emphasize the importance of central obesity prevention in public health efforts to reduce CVD risk, particularly in individuals who are genetically susceptible to the disease.
